Abstract. From about 1500 measurements of ethane in the remote troposphere the longitudinally and vertically averaged latitudinal and seasonal variability of ethane was derived. To improve the data coverage, several data sets from literature were included. There are only very few data sets available for the southern hemisphere. Nevertheless, the uncertainty of the average seasonal/latitudinal ethane profile is estimated to less than 30%. The global annually averaged ethane mixing ratio is 860 ppt. There is a strong interhemispheric gradient with an average north/south ratio of 3.5. Within the northern hemisphere there is an average gradient from the highest annual mean value of 2500 ppt around 65øN to about 600 ppt at the equator. In the southern hemisphere there is only a small gradient at low latitudes and at middle and high southern latitudes no significant gradient can be seen. In both hemispheres a significant seasonal cycle with highest mixing ratios in late winter is observed. The ethane source strength needed to balance the atmospheric budget of ethane is estimated to 15.5 Tg/yr, with most of the emissions in the northern hemisphere. An independent estimate of the sources indicate that most of the emissions are due to natural gas losses (6 Tg/yr) and biomass burning (6.4 Tg/yr). This is also compatible with the latitudinal and seasonal variation of the atmospheric ethane removal rates. However, these estimates have substantial uncertainties and it should be noted that the role of the biosphere for the atmospheric budget of ethane is presently not understood.
Introduction
Ethane is the second most abundant organic trace gas in the background troposphere [cf. Rudolph, 1988 Ehhalt, 1992] , it is roughly 3 orders of magnitude less abundant than methane. However, because of its higher reactivity and the possibility of forming more complex intermediates (e.g., acetaldehyde, peroxyacetyl nitrate, and acetic acid), the oxidation of ethane is important to tropospheric chemistry. Thus the existence of ethane in the background troposphere opens up chemical pathways in atmospheric chemistry which would not be accessible from methane oxidation alone [cf. Ehhalt and Rudolph, 1984] .
Ethane can also serve to test predictions of atmospheric transport and chemistry models and to check the strength and geographic distribution of sources of atmospheric trace gases. The tropospheric lifetime of a few months ] is long enough to reduce the random variability in the mixing ratios in the background troposphere to an acceptable level but short enough to allow pronounced seasonal cycles and latitudinal gradients.
Our understanding of the distribution of ethane in the remote troposphere has improved considerably during the past 15 years. There have been several series of measurements of light nonmethane hydrocarbons, including ethane, in the remote troposphere. These measurements cover seasonal cycles [Singh and Salas, 1982 by Rudolph and Jebsen [1983] , Rudolph and Khedim [1985] , and Rudolph et al. [1981b Rudolph et al. [ , 1986 Rudolph et al. [ , 1989a Rudolph et al. [ , b, 1990 Rudolph et al. [ , 1992b . The ethane mixing ratios were determined by comparing the peak areas or heights of the sample chromatograms with those of a reference air of known ethane concentration. The ethane concentration in the reference air tanks (high-pressure cylinders of 10 or 40 dm 3 volume and 20-100 bar pressure) was always similar to the ambient mixing ratios (1-5 ppb). The ethane concentration in the primary reference air tank was determined by comparison with mixtures of a few parts per billion in synthetic air which were prepared from pure (>99.5%) ethane by a two-or three-step static dilution procedure. The reproducibility of the dilution procedure is about 10% and the estimated accuracy is better than 20%. The ethane mixing ratio in the primary reference air tank was checked in irregular intervals (between 6 months and several years) by a comparison with freshly prepared mixtures of ethane in synthetic air. No variations exceeding the precision of the measurements were found. For various purposes (e.g., in situ analysis, instrument tests), secondary reference air tanks were used (ambient air collected cryogenically in 10 or 40 dm 3 cylinders at pressures between 50 bar and 150 bar). After storage for several weeks they were calibrated by at least five measurements relative to the primary reference air and checked for stability by further measurements after a few months. Depending on the use of these secondary reference gases, the comparison was repeated several times in intervals between a few months and 2 years. Reference air tanks used in field campaigns were always checked before and after the campaign. Within the uncertainty of the measurements no changes in the ethane concentration of these secondary standards could be detected. The ethane concentrations were always at least 1 order of magnitude above the detection limit of 10-20 ppt. Figure 1 the results of the laboratory analysis of the whole air samples are compared with the in situ measurements. There are a few small deviations from the ideal behavior, but they are well within the uncertainty of the measurements. Nevertheless, the deviations are occasionally somewhat larger than expected from the reproducibility of the measurements alone. However, the two types of measurements were made with different gas chromatographs, different types of separation columns, and in completely different environments (shipboard operation in a container compared to an air conditioned laboratory). Different reference gases were used, but they were based on the same calibration. Thus the differences between two measurement series give a realistic idea of all errors which result from the use of different gas chromatographic methods which are based on a common calibration. The general agreement within less than 10% proves the quality of the measurements made by the two methods. [Rudolph, 1988] is shown in Figure 2 . Within the boundary layer, the ethane .mixing ratios are about !0% higher than above; in the free troposphere the ethane concentrations show no systematic gradient within an uncertainty of less than 5%. Consequently, the error which results from combining ethane measurements from different altitudes is, on average, well below 10%. There are no systematic studies of the longitudinal gradients of the ethane mixing ratios. In general, it is assumed that the longitudinal variations are small compared to seasonal and latitudinal changes [Hough, 1991 In Figure 9 the seasonal variation of removal, change of the atmospheric ethane content, and the required source strength is shown for the total troposphere (Figure 9a ) and for the two hemispheres (Figures 9b and 9c) . For the two hemispheres, also the interhemispheric exchange has to be considered. As a simplified approximation, it is assumed that the exchange rate is proportional to the difference in the monthly mean ethane concentrations between the two hemispheres. The monthly exchange coefficient is taken to be in June/July. The indirectly derived seasonalities of the source strength are composed of two components and thus have a considerable uncertainty. However, the difference between a required source of 0.8 Tg/month in June/July and 1.6 Tg/month in December is rather striking and cannot be explained completely by uncertainties of the estimates and thus suggests a seasonality of the ethane emission rates. From a comparison of the global (Figure 9a ) and hemispheric budgets (Figure 9b and 9c) , it is evident that both the shape and the magnitude of the seasonality of the indirectly derived global ethane source is dominated by the processes in the northern hemisphere. The required southern hemispheric source (Figure 9c ) contributes in all seasons only about 10-20% to the global budget. There is some indication of a maximum in August/September, but the required source strength is always rather low, between 0.05 and 0.25 Tg/ month. However, this variation is still within the uncertainty of the estimate.
Data Set
We can obtain a more detailed overview over the latitudi- The results are shown in Figure 10 . From the effect of transport and the removal by OH radicals, the required source strength to maintain the atmospheric balance can be calculated (see Figure 10) . Because of the substantial amount of smoothing and the extremely simplified transport parameterization, we can only expect a rough, first-order estimate of the source distribution. As mentioned before, the ethane emissions in the southern hemisphere are rather small; the strongest southern Hemispheric sources seem to be located at tropical latitudes. The amount of ethane transported from the northern hemisphere into the southern hemisphere calculated from the latitudinal eddy diffusion coefficients is roughly 1.5 Tg/yr, slightly lower than the 2 Tg/yr calculated from an interhemispheric exchange time of about 1 year (see above). The small difference of 0.5 Tg/yr is well within the uncertainties of the individual estimates.
There are significant ethane sources at low northern latitudes, but a significant fraction of the total ethane emissions occurs at middle and high northern latitudes. About 8 Tg/yr are emitted north of 25øN and nearly half of the total northern hemispheric sources are located north of 40øN. North of 45øN, the emissions exceed the atmospheric removal and thus this area acts as net source. About 2.5 Tg/yr are exported from this region to lower latitudes where the sources do not balance the atmospheric removal.
It is interesting to note that the ethane sources at high northern latitudes (>65øN) are with roughly 2.5 Tg/yr comparable in magnitude to the total ethane emissions in the southern hemisphere. The large ethane emissions at high northern latitudes seem to support the speculation that the . There are no direct investigations of the ethane emissions from natural gas losses. Generally, the emissions are estimated from the contributions of natural gas losses to the global methane budget and the ethane/methane ratio in natural gas. Lelieveld and Crutzen [1993] estimate that methane losses from gas and oil drilling, gas venting, gas transmission, and distribution are 80 -+ 45 Tg/yr. Another 35 _+ 10 Tg/yr of fossil methane is emitted due to coal mining. The ethane/methane ratio in natural gas is highly variable and strongly depends on the origin of the gas. The NMHC/ methane ratio is rather low in "dry" bacterial and late mature gases but may be as high as 20% in "wet" oil associated gases [cf. Whiticar, 1990 ]. Ehhalt and Rudolph [ 1984] used a methane/NMHC ratio of 5 which is the average for the United States and assumed that about one fifth (by weight) of these NMHC consists of ethane. This results in an overall ethane content of natural gas of about 4 % (by weight). For the United Kingdom the ethane/methane ratio from natural gas losses seems somewhat larger, about 6.5% [Photochemical Oxidants Review Group (PORG), 1987]. Based on these numbers, a global ethane emission in the range of 2.6-11 Tg/yr with a best estimate of 6 Tg/yr can be calculated. As a consequence of the variability of the ethane content of natural gas, this estimate is rather uncertain and may be easily refined if more representative data about the NMHC content of natural gas become available. It should be mentioned that the natural gas loss in the former Soviet Union alone is estimated to be 25 -+ 10 Tg/yr [Craig et al., 1993] 
Summary and Conclusions
Our present knowledge of the ethane distribution in the troposphere allows to construct reasonably well defined longitudinally and altitudinally averaged seasonal and latitudinal profiles of the ethane mixing ratio. In both hemispheres the seasonal cycles show clear maxima in late winter and rninima in late summer. The most pronounced seasonal changes are found at high northern latitudes, the lowest around the equator. In both hemispheres the seasonal cycles are strongly driven by the seasonality of the OH-radical concentrations, but also, the seasonal variations of the sources seem to have a significant effect.
There is a strong interhemispheric gradient with an average ratio of 3.5 between the northern and the southern hemisphere. As a consequence, about 11.8 Tg/yr of ethane are turned over in the northern hemisphere, only 3.7 in the southern hemisphere. Losses of natural gas and biomass burning are the main sources which balance the total atmospheric ethane removal of 15.5 Tg/yr. With 6 and 6.4 Tg/yr, respectively, both sources contribute nearly equally. There are a few minor sources such as emissions from soils, wetlands, oceans, engine exhaust, and losses from industrial processes which may add up to about 1 Tg/yr. These known sources seem to be able to balance most of the atmospheric removal and both the latitudinal and the seasonal variations of the sources are compatible with the observed atmospheric distributions. Nevertheless, there is still a large uncertainty about the role of vegetation as source or sink of atmospheric ethane.
In general, the atmospheric ethane budget seems to be reasonably well balanced and there is no indication for the existence of a major unknown source or sink. As there seem to be only two major sources of atmospheric ethane, ethane is probably a very useful tracer to study changes in the magnitude and distribution of these sources. Especially for the southern hemisphere, where biomass burning seems to be the dominant ethane source, atmospheric observations of ethane are a promising diagnostic tool to understand the seasonal and geographical distribution as well as secular trends of biomass burning.
